Initial reactions in anaerobic oxidation of ethylbenzene were investigated in a denitrifying bacterium, strain EB1. Cells of strain EB1 mineralized ethylbenzene to CO 2 under denitrifying conditions, as demonstrated by conversion of 69% of [ 14 C]ethylbenzene to 14 CO 2 . In anaerobic suspensions of strain EB1 cells metabolizing ethylbenzene, the transient formation and consumption of 1-phenylethanol, acetophenone, and an as yet unidentified compound were observed. On the basis of growth experiments and spectroscopic data, the unknown compound is proposed to be benzoyl acetate. Cell suspension experiments using H 2 18 O demonstrated that the hydroxyl group of the first product of anoxic ethylbenzene oxidation, 1-phenylethanol, is derived from water. A tentative pathway for anaerobic ethylbenzene mineralization by strain EB1 is proposed.
Initial reactions in anaerobic oxidation of ethylbenzene were investigated in a denitrifying bacterium, strain EB1. Cells of strain EB1 mineralized ethylbenzene to CO 2 under denitrifying conditions, as demonstrated by conversion of 69% of [ 14 C]ethylbenzene to 14 CO 2 . In anaerobic suspensions of strain EB1 cells metabolizing ethylbenzene, the transient formation and consumption of 1-phenylethanol, acetophenone, and an as yet unidentified compound were observed. On the basis of growth experiments and spectroscopic data, the unknown compound is proposed to be benzoyl acetate. Cell suspension experiments using H 2 18 O demonstrated that the hydroxyl group of the first product of anoxic ethylbenzene oxidation, 1-phenylethanol, is derived from water. A tentative pathway for anaerobic ethylbenzene mineralization by strain EB1 is proposed.
Anaerobic degradation of aromatic hydrocarbons receives significant attention for the unusual biochemical reactions involved and for its importance in intrinsic bioremediation. Benzene, toluene, ethylbenzene, and xylenes are relevant pollutants resulting from surface spills of gasoline or leaking underground storage tanks (32) . Because of their relatively high solubility in water (8) and their toxicity (10, 30) , these compounds often come in contact with groundwater and can create a potential health hazard. As oxygen concentrations in groundwater decrease at these sites as a result of degradation of gasoline components by aerobic microorganisms (16, 28) , contaminated aquifers become anoxic. Subsequent biological removal of aliphatic and aromatic hydrocarbons at these sites depends on the activity of bacteria capable of metabolizing hydrocarbons under anoxic conditions.
In all presently known pathways for mineralization of aromatic hydrocarbons under aerobic conditions, the first oxidation reactions are catalyzed by mono-or dioxygenases (16, 31) . In oxygenases, molecular oxygen acts as a strong oxidizing agent and is incorporated into the aromatic hydrocarbon (16, 31) . The oxygenated aromatic metabolites are then further oxidized via conventional metabolic pathways. Until first postulated in 1984 (27) , degradation of aromatic hydrocarbons was not thought to occur in the absence of molecular oxygen. However, in the last 6 years, several pure cultures that are capable of degrading alkylbenzenes under denitrifying (11, 12, 26, 29, 35) , sulfate-reducing (5, 25) , and iron-reducing (20) conditions have been isolated. Evidently, these bacteria are capable of catalyzing the oxidation of aromatic hydrocarbons in the absence of molecular oxygen, yet the biochemical mechanisms underlying the initial enzymatic oxidation reactions are unresolved.
We have been investigating the anaerobic degradation of ethylbenzene by a denitrifying bacterium, strain EB1. Strain EB1 was isolated from treatment pond sediment of an oil refinery (3) . We report the characterization of strain EB1 and experiments elucidating the first metabolic intermediates formed in anoxic ethylbenzene oxidation. Isolation conditions. Anaerobic, ethylbenzene-degrading bacteria were enriched from sediment of an oil refinery treatment pond near San Francisco Bay under denitrifying conditions in a mineral medium in 250-ml glass bottles. Enrichment bottles were sealed with Teflon-lined Mininert screw caps (Alltech Associates, Inc., Deerfield, Ill.) and incubated anaerobically at 25ЊC in an anaerobic chamber (Coy Laboratory Products, Grass Lake, Mich.) that contained an atmosphere of 80% N 2 , 10% H 2 , and 10% CO 2 . Ethylbenzene and nitrate were monitored in the enrichments and reamended to 150 M and 1 mM, respectively, twice per month when depleted. The enrichment culture was maintained over a period of 2 years by monthly transfers of 1 ml of culture to 200 ml of mineral medium containing ethylbenzene as the sole carbon and electron source plus nitrate as the electron acceptor. The enrichment culture served as the initial inoculum for two successive agar shake dilutions (23) with a mineral oil overlay containing 2% (vol/vol) ethylbenzene.
MATERIALS AND METHODS

Chemicals
Bacterial growth conditions. Anaerobic mineral medium was prepared under an atmosphere of 90% nitrogen and 10% carbon dioxide. The final composition of the mineral medium was as follows: 15 mM NaHCO 3 , 1 mM Na 2 SO 4 , 0.2 mM MgSO 4 , 2 mM KH 2 PO 4 , 2 mM K 2 HPO 4 , 0.1 mM Ca(NO 3 ) 2 , 0.1% trace element mixture with EDTA (34), 0.1% vitamin mixture (34) , and 0.05 mg of vitamin B 12 (34) . Medium was anaerobically and aseptically added to serum bottles, which were sealed with rubber stoppers or Teflon-lined Mininert screw caps. Filtersterilized, pure ethylbenzene (100 M, final concentration) and autoclaved, anaerobic 1 M NaNO 3 (final concentration, 5 mM) were added to cultures with sterile pipettes or syringes that were stored in the anaerobic chamber for 3 days before use. Other electron donors that were tested were added either in liquid form, from aqueous stock solutions, or from stock solutions in methanol (phenyl acetate, 4-ethylphenol, 4-hydroxyphenylethyl alcohol, and 4-hydroxyphenyl acetate).
Carbon dioxide-free medium was prepared under a 100% nitrogen atmosphere, and the bicarbonate buffer was replaced with 8 mM potassium phosphate.
Aerobic, nitrate-free medium was prepared as noted above for the anaerobic medium but under an atmosphere of 90% air-10% carbon dioxide. The medium was also amended with 1 mM ammonium sulfate as the nitrogen source, and calcium phosphate was substituted for calcium nitrate. Aerobic growth experiments were carried out in 60-ml bottles with Teflon-lined caps and incubated on shaker tables (rotating at approximately 100 rpm) at 20ЊC.
Growth was measured as optical density at 400 nm (OD 400 ) with an HP model 8451A diode array spectrophotometer (Hewlett-Packard Co., Avondale, Pa.). The controls for growth experiments consisted of inoculated bottles without an electron donor.
For stoichiometric calculations, the electron equivalents from nitrate consumption were calculated by assuming that nitrate is ultimately reduced to dinitrogen gas. Reduction of 1 mole of nitrate to dinitrogen gas requires five moles of electrons, whereas the reduction of nitrite to dinitrogen gas requires only three moles of electrons.
[ 14 C]ethylbenzene mineralization. Strain EB1 was grown to an OD 400 of 0.08 in denitrifying growth medium with ethylbenzene as the electron donor and transferred to completely fill three individual 60-ml bottles capped with Teflon Mininert valve screw caps. Two controls were prepared by autoclaving the inoculum and transferring a portion to completely fill two replicate, sterile 60-ml bottles capped with Teflon-lined Mininert valve screw caps. In addition, two uninoculated samples were prepared as medium controls. [ 14 C]ethylbenzene was added to each bottle to a final concentration of 270 M and a specific radioactivity of 3.23 ϫ 10 6 Bq ⅐ mmol Ϫ1 . Bottles were sampled immediately following ethylbenzene addition and at the end of a 3-day incubation period in an anaerobic glove box at 25ЊC.
14 C-containing compounds in volatile, nonvolatile, and CO 2 fractions were determined as described previously (4, 17) . Three 1-ml liquid samples were collected from each bottle with a 1-ml gastight syringe. One 1-ml sample was injected into a vial containing 10 ml of Universol scintillation fluid (ICN Biomedicals, Inc., Irvine, Calif.) plus 0.5 ml of 1 N NaOH; this sample represented the total 14 C from all compounds in the sample, including ethylbenzene, volatile metabolites, CO 2 , nonvolatile metabolites, and biomass. Another 1-ml sample was injected into 0.5 ml of 1 N NaOH and purged with dinitrogen gas for 20 min before 10 ml of scintillation fluid was added. This sample represented the sum of 14 C in CO 2 , nonvolatile metabolites, and biomass. The third 1-ml sample was injected into 0.5 ml of 1 N HCl and purged with dinitrogen gas for 20 min, after which 10 ml of scintillation fluid was added. This sample represented the sum of 14 C in nonvolatile metabolites and biomass. The amount of 14 CO 2 formed was calculated from the difference between the purged, base-treated and the purged, acid-treated samples, while the amount of volatile 14 C (other than from 14 CO 2 ) was calculated from the difference between the unpurged, base-treated sample and the purged, base-treated sample. Radioactivity was determined on a Tricarb model 4530 scintillation spectrometer (Packard Instrument Co., Downers Grove, Ill.).
Cell suspension experiments. Cell suspension experiments were carried out in 45-ml glass vials capped with Teflon-lined Mininert valve screw caps and incubated inside an anaerobic glove box at 25ЊC. Cells of strain EB1 were grown anaerobically to an OD 400 of 0.3 in 1 liter of mineral medium (1.2-liter glass bottles) containing ethylbenzene plus nitrate. Cells were harvested anaerobically by centrifugation for 20 min at 10,000 ϫ g and 4ЊC, washed, and resuspended in suspension buffer. The suspension buffer contained 20 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), 1 mM Na 2 SO 4 , 0.2 mM MgSO 4 , 2 mM KH 2 PO 4 , 2 mM K 2 HPO 4 , 0.1 mM Ca(H 2 PO 4 ) 2 , 15 mM NaHCO 3 , and 5 mM ascorbate. To 36 ml of the suspension buffer, 0.3 ml of 1 M NaNO 3 and 4 l of pure ethylbenzene were added, and the mixture was shaken to dissolve the ethylbenzene. The experiments were started by adding 4 ml of washed cells (final OD 400 of 1) to the glass vials. Glass vials were continuously shaken on a rotary shaker (approximately 100 rpm) throughout the experiment. Liquid sampling for ethylbenzene analysis was carried out by removing 50-l aliquots with a gastight syringe. For intermediate and inorganic ion analysis, 1-ml aliquots were taken with disposable syringes and centrifuged at 16,000 ϫ g for 3 min to remove cells.
Incorporation of H 2
18
O into 1-phenylethanol. To test for incorporation of H 2 18 O into 1-phenylethanol during anoxic ethylbenzene oxidation, cell suspension experiments were carried out in 20-ml glass vials. The total assay volume was 5 ml, including either 1 ml of 99 atom% [
18 O]water or 1 ml of unenriched water. The composition of the suspension buffer was altered to 10 mM MOPS, 1 mM Na 2 SO 4 , 0.2 mM MgSO 4 , 1 mM KH 2 PO 4 , 1 mM K 2 HPO 4 , 0.1 mM Ca(H 2 PO 4 ) 2 , and 15 mM NaHCO 3 , and ascorbate was omitted. To each vial, 60 l of 1 M NaNO 3 and 0.5 l of ethylbenzene were then added. The experiments were started by adding cells to a final OD 400 of 1.4. Following 1 h of incubation on a rotary shaker (approximately 100 rpm) in an anaerobic glove box at 25ЊC, the samples were centrifuged for 20 min at 12,000 ϫ g and 4ЊC. The supernatant was immediately extracted three times with 1-ml aliquots of diethyl ether. The extracts were dried over sodium sulfate and evaporated to 200 l under a stream of purified nitrogen. The sample extract was then analyzed on a gas chromatograph (GC)-mass spectrometer (MS).
Analysis of the 16S rRNA gene and G؉C content. EB1 genomic DNA was isolated by the chloroform-phenol extraction method (1) . PCR amplification of the 16S rRNA gene was performed with the primers nD1 (5Ј AAG GAG GTG ATC CAG CC 3Ј) and fD1 (5Ј AGA GTT TGA TCC TGG CTC AG 3Ј). The concentrations in the 30-l PCR reaction mixture were 0.2 mM deoxynucleoside triphosphates, 0.25 M primers, 1ϫ PCR buffer (Perkin-Elmer, Norwalk, Conn.), 1 U of Taq polymerase, 0.1 g of DNA, and a total MgCl 2 concentration of 3.5 mM. The temperature settings on a Perkin-Elmer GeneAmp PCR System 2400 were as follows: 99.9ЊC for 5 min; addition of Taq polymerase as the temperature cooled to 80ЊC; 30 cycles of 97ЊC for 15 s; 60ЊC for 1 min, and 72ЊC for 2 min; and a final elongation at 72ЊC for 7 min. The amplified DNA fragment was purified by gel electrophoresis on a 1% agarose gel and recovered by using a Qiaex gel extraction kit (Qiagen, Inc., Chatsworth, Calif.). Sequencing of the 16S rRNA gene was performed by the PAN Facility (Stanford University, Stanford, Calif.). Genetics Computer Group software (1994) was used to search EMBL and GenBank for sequence homology.
Genomic strain EB1 DNA for determination of the GϩC content was isolated as indicated above. Following an initial dialysis of the genomic DNA in 10 mM acetate buffer (pH 5.3) after a nuclease treatment (2 ng of nuclease P1/mg of DNA) to remove single-stranded DNA and RNA, the GϩC content of strain EB1 genomic DNA was determined by the method of Mesbah et al. (22) . Lambda DNA was used as a control.
Chemical analysis. UV-visible spectra and optical density measurements were made with an HP model 8451A diode array spectrophotometer (Hewlett-Packard).
Anaerobic samples were taken with sterile pipettes or syringes that were flushed with anaerobic gases and incubated in the anaerobic gas chamber.
Concentrations of inorganic ions were determined by ion chromatography as described previously (2) . Ammonia concentrations were determined by the method of Chaykin (7). The detection limit was 5 M.
Concentrations of ethylbenzene were determined by using a purge-and-trap GC system consisting of a Tekmar model ALS automatic liquid sampler connected to a Tekmar model 4000 dynamic headspace concentrator (Tekmar Inc., Cincinnati, Ohio) plumbed directly to the packed column inlet of an HP model 5890 series II GC (Hewlett-Packard) with a model 703 photoionization detector (Tracor Instruments Austin Inc., Austin, Tex.). The headspace concentrator was equipped with a Method 602 trap for purgeable aromatics (Alltech Inc., San Jose, Calif.). The GC was equipped with a Quadrex 007 series bonded-phase capillary column (75 m by 0.53 mm inside diameter; 2.5-m film thickness; Quadrex Corp., New Haven, Conn.). Samples (50 l) were diluted in 5 ml of water and purged onto the trap for 10 min. The trap was preheated to 150ЊC and then desorbed onto the GC column at 180ЊC for 2 min.
Concentrations of 1-phenylethanol, acetophenone, and the unknown compound were determined by using a high-performance liquid chromatograph (HPLC) (HP 1050 series Pumping System; Hewlett-Packard) equipped with a C 18 reverse-phase column (250-mm length by 4.6 mm; Alltech Associates) and a UV detector (HP 1050 series Variable Wavelength Detector; Hewlett-Packard) set to a detection wavelength of 260 nm. The eluant was composed of 60% methanol and 40% acetate buffer (50 mM, pH 3.5); the flow rate was 1 ml/min. Under these conditions, the typical retention times of 1-phenylethanol, acetophenone, and the unknown compound were 6.0, 6.5, and 4.2 min, respectively.
GC-MS analyses were performed with an HP model 5890A GC (HewlettPackard) equipped with a DB5 fused silica capillary column (30 m by 0.32 mm; 0.25-m film thickness; J&W Scientific, Folsom, Calif.) coupled to an HP 5970 series mass selective detector with an HP G1034C MS ChemStation used for data analysis. The identities of 1-phenylethanol and acetophenone were confirmed by comparing the GC retention times and the mass spectra acquired from samples against spectra acquired from authentic standards (Aldrich).
RESULTS
Enrichment and isolation of strain EB1. Anaerobic bacteria capable of oxidizing ethylbenzene under denitrifying conditions were enriched from sediment of an oil refinery treatment pond near the San Francisco Bay. Anoxic enrichment cultures in a mineral medium were amended with a mixture of benzene, toluene, ethylbenzene, and xylene-isomers (100 M each), plus nitrate (1 mM) as an electron acceptor, and incubated in the dark at 25ЊC in an anaerobic glove box. Ethylbenzene-degrading microorganisms were further enriched by transferring 1 ml of enrichment culture to a sterile bottle containing 200 ml of denitrifying mineral medium plus ethylbenzene (150 M) as the sole electron donor and carbon source. This culture was maintained over a 2-year period by routine monthly transfers. Single, lens-shaped colonies were obtained by two subsequent anaerobic agar shake dilution series of the enrichment culture in tubes, using anaerobic, denitrifying mineral medium and 1% agar plus a 100-l mineral oil overlay supplemented with 2% (vol/vol) ethylbenzene. The largest number of colonies per unit volume and colonies with the densest growth were visible at the midpoint between the tube end and the oil overlay. Single colonies were microscopically pure and revealed motile, rodshaped cells, 1 by 3 m in size (Fig. 1) . This strain was tentatively called EB1.
Phylogenetic position of strain EB1. GϩC content of genomic strain EB1 DNA was determined to be 66%. Sequence analysis of the 16S rRNA gene revealed that recently isolated ethylbenzene-oxidizing, nitrate-reducing bacteria strains PbN1 and EbN1 (26) are the closest known relatives of strain EB1 (data not shown). These organisms are members of the ␤ subclass of the domain Proteobacteria.
Growth and physiology of strain EB1. Growth of strain EB1 cells was coupled to ethylbenzene oxidation and nitrate reduction. In mineral medium with ethylbenzene and nitrate as substrates, cells grew exponentially to an OD 400 of 0.3 with a doubling time of 14 h at 25ЊC (Fig. 2) . Growing cells of strain EB1 consumed ethylbenzene at a rate of about 50 mol ⅐ h Ϫ1 ⅐ OD 400 Ϫ1 . The growth rate of strain EB1 was maximal at 30ЊC; temperatures of 20, 25, 30, and 35ЊC were tested. The pH dependence of ethylbenzene consumption was tested in a range between pH 6.2 and 8.5 in 0.3-pH-unit intervals. Ethylbenzene consumption rate was maximal at pH 7.0 (data not shown).
In addition to being able to grow anaerobically with ethylbenzene as the sole electron and carbon source, strain EB1 utilized a variety of aromatic and aliphatic compounds for growth. The compounds examined are listed in Table 1 . In addition to nitrate, strain EB1 was able to use oxygen as an electron acceptor (Table 1) . Benzene, toluene, and the three xylene isomers were not used as growth substrates under either denitrifying or oxic conditions. Notably, strain EB1 could not utilize ethylbenzene with oxygen as an electron acceptor (Table 1).
Anaerobic mineralization of ethylbenzene. Complete mineralization of ethylbenzene was investigated in growing cultures of strain EB1 amended with [ring-UL- 14 C]ethylbenzene (270 M) and nitrate (3.3 mM). Triplicate cultures were incubated under anoxic conditions at 25ЊC. After 3 days, 69% of the radiolabeled carbon was recovered as 14 CO 2 ; 23 and 8% were found in the nonvolatile and volatile fractions, respectively ( Table 2 ). The 69% conversion of [ 14 C]ethylbenzene to 14 CO 2 indicates that ethylbenzene was completely oxidized to carbon dioxide by strain EB1 under anoxic conditions. The nonvolatile radiolabeled carbon of active cultures at day 3 contained biomass and possibly nonvolatile metabolites. During the 3-day incubation period, no changes were observed in the relative For compounds dissolved in methanol, growth specific to these substrates was identified by observing growth in addition to that with methanol alone.
b In addition to the compounds listed above, the following compounds were tested for supporting growth as electron donors and carbon sources (growth under denitrifying conditions, growth under oxic conditions) (ND, not determined): formate, Ϫ, Ϫ; acetate, ϩ, ϩ; propionate, ϩϩ, ϩϩ; butyrate, ϩϩ, ϩϩ; lactate, ϩϩ, ϩϩ; pyruvate, ϩϩ, ϩϩ; methanol, ϩ, ϩ; acetone, ϩϩ, ϩϩ; glucose, ϩ, Ϫ; methane, Ϫ, ND; hydrogen, Ϫ, ND; yeast extract, ϩϩ, ϩϩ; peptone, ϩϩ, ϩ; ascorbate, Ϫ, ND. (Table 2) .
Ethylbenzene oxidation to CO 2 was coupled to nitrate reduction in strain EB1. The stoichiometry was determined under growth conditions starting with limiting concentrations of ethylbenzene (200 M) and excess nitrate (2.7 mM) (Fig. 3) . Prior to reamending the culture with ethylbenzene, we measured nitrate and nitrite concentrations. The culture shown in Fig. 3 was reamended with ethylbenzene only after ethylbenzene was completely consumed and concentrations of nitrate and nitrite ceased to decrease. During the experiment, the initial concentrations of ethylbenzene and nitrate never exceeded 0.6 and 6 mM, respectively. Nitrite accumulated to a maximum of 5 mM. The end product of nitrate reduction was assumed to be dinitrogen gas, as ammonia concentrations did not exceed 10 M in stationary-phase cultures of strain EB1 that had consumed more than 2 mM nitrate (data not shown). The ratio of cumulative moles of nitrate consumed per cumulative mole of ethylbenzene consumed was 7.7 (Fig. 3) . Under conditions of no cell growth, the theoretical equation for oxidation of ethylbenzene to carbon dioxide with nitrate as the electron acceptor predicts a stoichiometric ratio of 8.4:C 8 H 10 ϩ 8.4 NO 3 Ϫ ϩ 8.4H ϩ 3 8CO 2 ϩ 4.2N 2 ϩ 9.2H 2 O. Since in this experiment the oxidation of ethylbenzene was also coupled to growth, nitrate consumption was less than predicted by the above equation.
Intermediate formation during anaerobic ethylbenzene degradation in cell suspensions of strain EB1. As a first approach to elucidate the initial reactions of the pathway of anoxic ethylbenzene degradation, cell suspension studies were conducted. In the experiment shown in Fig. 4 , cell suspensions of strain EB1 metabolized ethylbenzene under denitrifying conditions at a rate of 13 mol ⅐ h Ϫ1 ⅐ OD 400
Ϫ1
. The concentrations of aromatic compounds were monitored over time, using GC and HPLC (see Materials and Methods). The formations of 1-phenylethanol, acetophenone, and an as yet unknown intermediate were coupled to ethylbenzene consumption (Fig.  4) . The chemical identities of 1-phenylethanol and acetophenone were confirmed by GC-MS retention times and mass spectra, using authentic standards (see Materials and Methods). Formation and consumption of 1-phenylethanol, acetophenone, and the unknown intermediate appeared to be sequential. Ethylbenzene consumption was concomitant to the immediate onset of 1-phenylethanol formation at a rate of 7 mol ⅐ h Ϫ1 ⅐ OD 400 Ϫ1 (Fig. 4) . Acetophenone was detected at low concentrations (13 Ϯ 6 M) when 1-phenylethanol was present. The concentration of the unknown compound was maximal when 1-phenylethanol was depleted, after which it decreased. During ethylbenzene transformation, nitrate was quantitatively reduced to nitrite, and nitrite consumption ceased after the concentration of the unknown had decreased below the detection limit (Fig. 4) . Additional compounds detected at low concentration by GC-MS included benzoate and acetate (data not shown).
Separate growth studies showed that 1-phenylethanol and acetophenone could serve as growth substrates for strain EB1 (Table 1) . Since both compounds appear to be potential intermediates in anoxic ethylbenzene oxidation, metabolism of 1-phenylethanol and acetophenone were studied in cell suspensions. In experiments with 1-phenylethanol as the substrate, acetophenone and the unknown compound were formed and consumed (Fig. 5A) ; with acetophenone as the substrate, the unknown compound (Fig. 5B) but not 1-phenylethanol was detected.
CO 2 dependence of acetophenone degradation. We tested whether growth of strain EB1 with acetophenone was dependent on CO 2 . Figure 6 shows that growth of this organism was severely reduced by the omission of carbon dioxide when acetophenone was used as the carbon and electron donor. In contrast, growth with benzoate was CO 2 independent. This result suggests that a carboxylation reaction may be involved in anoxic acetophenone mineralization in strain EB1.
Characterization of the unknown intermediate. We attempted to determine the chemical properties and identity of the unknown intermediate that we detected in cell suspensions metabolizing ethylbenzene, 1-phenylethanol, or acetophenone.
The unknown compound appears to be poorly extractable from the aqueous phase into ether under acidic, neutral, or basic conditions. Typically, the unknown intermediate was detected by reverse-phase HPLC with an acetate buffer eluant at pH 3.5 (see Materials and Methods). When the eluant pH was lowered to 3.0, the HPLC retention time of the unknown compound increased from 4.2 to 4.7 min, whereas the retention time of acetophenone was unchanged (6.5 min). This shift in the retention time in response to a change in eluant pH suggests that there may be an acidic group, such as a carboxyl group, present on the unknown compound. Fractions of the HPLC eluant that contained the unknown compound were analyzed spectrophotometrically. The UV-visible spectra of ethylbenzene, 1-phenylethanol, acetophenone, and the unknown compound are displayed in Fig. 7 . The large absorption at 250 nm of the unknown compound and its overall spectral similarity to acetophenone suggest that it may share some of the structural features of acetophenone. Considering also the CO 2 -dependent growth of strain EB1 with acetophenone, the unknown intermediate may be benzoyl acetate, a carboxylated form of acetophenone, but confirmation of its identity has eluded us to date. O] water. Ethylbenzene (800 M) was added to each bottle, and the cell suspensions were incubated at 25ЊC in an anaerobic glove box. The reaction was stopped by centrifugation when 1-phenylethanol was detected. The supernatants of these cell suspensions were extracted and analyzed by GC-MS. The mass spectra of the two samples are presented in Fig. 8 . The major product detected in the samples was 1-phenylethanol. The ions of 1-phenylethanol that contain the oxygen atom include the molecular ion, m/z 122, and M ϩ Ϫ 15 (m/z 107). The latter ion is presumed to be an oxygen-containing tropylium cation (21) . In Fig. 8A , both of these ions are present. In the mass spectrum that represents 1-phenylethanol produced in the presence of 20% H 2 18 O (Fig. 8B) , two significant, additional peaks are evident (Fig. 8A) , one with m/z 124 and one with m/z 109. The former ion represents the molecular ion of [ 18 O]1-phenylethanol, and the latter ion is the oxygenated tropylium ion (C 7 H 7 18 O ϩ ). In the presence of unenriched water, 99.6% of the molecular ion of 1-phenylethanol had an m/z of 122, and only 0.4% had an m/z of 124 (Fig. 8) . In the experiment with enriched water (20% H 2 18 O), 20.2% of the molecular ion of 1-phenylethanol had an m/z of 124, and 79.8% was recovered with an m/z of 122 (Fig. 8) . A very similar ratio was (Fig. 8) . These results indicate that during anaerobic dehydrogenation of ethylbenzene, oxygen derived from water is incorporated into the methylene group of ethylbenzene to form 1-phenylethanol.
DISCUSSION
An ethylbenzene-oxidizing bacterium, strain EB1, was isolated from hydrocarbon-contaminated sediments. Strain EB1 was capable of complete oxidation of ethylbenzene to carbon dioxide under anoxic, denitrifying conditions but not under oxic conditions (Table 1 ; Fig. 2 and 3) .
Recently, anaerobic ethylbenzene oxidation was reported for two other denitrifying bacteria, strains PbN1 and EbN1 (26) , which are related to strain EB1 according to 16S rRNA sequence similarity. Although strains EB1 and EbN1 were able to metabolize similar substrates, there were a few marked differences in organic substrate utilization (Table 1) . Whereas strain EB1 was unable to utilize any aromatic hydrocarbon other than ethylbenzene, strain EbN1 was also able to use toluene as an electron donor and carbon source under anoxic conditions. Under denitrifying conditions, oxidation of 2-phenylethanol, phenol, methanol, and glucose supported growth of strain EB1 but not of strain EbN1. Under oxic conditions, strain EB1 was unable to utilize benzaldehyde, while EbN1 could use this substrate for growth.
Cell suspension experiments were conducted to examine the first enzymatic steps of anaerobic ethylbenzene oxidation. In these experiments, the following intermediates were detected and found to be formed and consumed in the indicated order: 1-phenylethanol 3 acetophenone 3 unknown compound. 1-Phenylethanol appears to be the first oxidation product from ethylbenzene, since it was formed only from ethylbenzene, not from acetophenone (Fig. 5B) . 1-Phenylethanol and acetophenone served as growth substrates (Table 1) . We found that growth of strain EB1 under denitrifying conditions with acetophenone was dependent on carbon dioxide, in contrast to CO 2 -independent growth with benzoate (Fig. 6 ). This result suggests that a carboxylation of acetophenone may occur. In a pathway of anaerobic acetone oxidation, acetone was shown to be carboxylated to form a ␤-ketoacid (19, 24) . The unknown intermediate that we detected in ethylbenzene-, 1-phenylethanol-, and acetophenone-metabolizing cell suspensions may be benzoyl acetate, but confirmation of its identity has eluded us to date. Some chemical characteristics of benzoyl acetate are consistent with our knowledge of the unknown intermediate. The conjugated bond system of benzoyl acetate could produce an absorbance maximum at 250 nm as observed for the unknown (Fig. 7) . In addition, the increase in the retention time of the unknown compound with HPLC eluants of decreasing pH supports the assumption of the presence of an acidic function in this compound.
The initial oxidation reaction of ethylbenzene yielding 1-phenylethanol was investigated further. Oxygenase-dependent oxidation reactions can be distinguished from hydroxylating dehydrogenation reactions by showing that the oxygen atom in the product is derived from water rather than from molecular oxygen. To substantiate that 1-phenylethanol was the first oxidation product from a truly anaerobic hydroxylating dehydrogenase reaction, we used a stable isotope labeling experiment using [ 18 O]water. We demonstrated in ethylbenzenemetabolizing cell suspensions of strain EB1 that ethylbenzene oxidation to 1-phenylethanol was coupled to incorporation of the oxygen atom from water into 1-phenylethanol (Fig. 8) . To our knowledge, this is the first demonstration that anoxic oxidation of ethylbenzene is initiated by a hydroxylating dehydrogenase reaction at the methylene carbon of the ethyl side chain. Side chain oxidation of an oxygenated aromatic hydrocarbon under anaerobic conditions using water as the oxygen source has previously been observed only for p-cresol, which was hydroxylated to p-hydroxybenzyl alcohol (18) . Also, anoxic transformation of benzene and toluene by mixed methanogenic cultures was coupled to the incorporation of a hydroxyl group from water to the aromatic ring to yield [ 18 O]phenol and [ 18 O]p-cresol, respectively (33) .
From the results obtained in this study, a tentative pathway for anaerobic ethylbenzene oxidation in strain EB1 can be proposed (Fig. 9) . The first oxidation reaction of anoxic ethylbenzene mineralization by strain EB1 occurs at the methylene group of the ethyl side chain to form 1-phenylethanol. 1-Phenylethanol is oxidized further to an aromatic ketone to form acetophenone (Fig. 4, 5, and 9 ). Acetophenone may then be carboxylated to form benzoyl acetate, which can be activated to benzoyl acetyl coenzyme A (benzoyl acetyl-CoA). Subsequent thiolytic cleavage of benzoyl acetyl-CoA would generate acetylCoA plus benzoyl-CoA. A similar reaction sequence was also discussed for ethylbenzene oxidation in strain EbN1 (26) . Benzoic acid (benzoyl-CoA) appears to be a central intermediate in anaerobic degradation of many aromatic compounds, such as toluene, phenol, and p-cresol (13) . Accordingly, in strain EB1, benzoyl-CoA may then be reduced to alicyclic compounds and subsequently oxidized to acetyl-CoA plus CO 2 (13) . 18 O from water was incorporated into ethylbenzene by strain EB1.
